Nucleosome organization is critical for gene regulation 1 . In living cells this organization is determined by multiple factors, including the action of chromatin remodellers 2 , competition with sitespecific DNA-binding proteins 3 , and the DNA sequence preferences of the nucleosomes themselves [4] [5] [6] [7] [8] . However, it has been difficult to estimate the relative importance of each of these mechanisms in vivo 7,9-11 , because in vivo nucleosome maps reflect the combined action of all influencing factors. Here we determine the importance of nucleosome DNA sequence preferences experimentally by measuring the genome-wide occupancy of nucleosomes assembled on purified yeast genomic DNA. The resulting map, in which nucleosome occupancy is governed only by the intrinsic sequence preferences of nucleosomes, is similar to in vivo nucleosome maps generated in three different growth conditions. In vitro, nucleosome depletion is evident at many transcription factor binding sites and around gene start and end sites, indicating that nucleosome depletion at these sites in vivo is partly encoded in the genome. We confirm these results with a micrococcal nucleaseindependent experiment that measures the relative affinity of nucleosomes for 40,000 double-stranded 150-base-pair oligonucleotides. Using our in vitro data, we devise a computational model of nucleosome sequence preferences that is significantly correlated with in vivo nucleosome occupancy in Caenorhabditis elegans. Our results indicate that the intrinsic DNA sequence preferences of nucleosomes have a central role in determining the organization of nucleosomes in vivo.
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Nucleosome organization is critical for gene regulation 1 . In living cells this organization is determined by multiple factors, including the action of chromatin remodellers 2 , competition with sitespecific DNA-binding proteins 3 , and the DNA sequence preferences of the nucleosomes themselves [4] [5] [6] [7] [8] . However, it has been difficult to estimate the relative importance of each of these mechanisms in vivo 7, [9] [10] [11] , because in vivo nucleosome maps reflect the combined action of all influencing factors. Here we determine the importance of nucleosome DNA sequence preferences experimentally by measuring the genome-wide occupancy of nucleosomes assembled on purified yeast genomic DNA. The resulting map, in which nucleosome occupancy is governed only by the intrinsic sequence preferences of nucleosomes, is similar to in vivo nucleosome maps generated in three different growth conditions. In vitro, nucleosome depletion is evident at many transcription factor binding sites and around gene start and end sites, indicating that nucleosome depletion at these sites in vivo is partly encoded in the genome. We confirm these results with a micrococcal nucleaseindependent experiment that measures the relative affinity of nucleosomes for 40,000 double-stranded 150-base-pair oligonucleotides. Using our in vitro data, we devise a computational model of nucleosome sequence preferences that is significantly correlated with in vivo nucleosome occupancy in Caenorhabditis elegans. Our results indicate that the intrinsic DNA sequence preferences of nucleosomes have a central role in determining the organization of nucleosomes in vivo.
We sought to establish the extent to which the DNA sequence determines nucleosome organization in living cells. Our strategy, previously used by others for two yeast promoters 12 , was to compare in vivo nucleosome organization with that obtained by an in vitro assembly procedure using only purified nucleosomes and purified DNA. To obtain a genome-wide map of nucleosome occupancy governed solely by nucleosome sequence preferences, we purified chicken erythrocyte histone octamers and assembled them on purified yeast genomic DNA by salt gradient dialysis 13 . We then isolated mononucleosomes by micrococcal nuclease digestion, and used parallel sequencing to determine nucleosome positions. We performed two independent experiments, resulting in ,10,000,000 DNA sequence reads that map uniquely to the yeast genome. For comparison to in vivo nucleosome positions, we isolated mononucleosomes from living cells 5, 7, 9, 10 , and obtained ,25,000,000 sequence reads from 6 independent experiments. For each map, we determined the average nucleosome occupancy at every base pair, calculated as the log-ratio between the number of reads that cover that base pair and the genome-wide average coverage per base pair (see Methods).
The nucleosome organizations of the in vitro and in vivo maps are notably similar, although not identical ( Fig. 1) , with a correlation of 0.74 between the nucleosome occupancy per base pair (Fig. 2a) . On the scale of individual nucleosomes, the in vitro data separate regions that are enriched in nucleosomes in vivo from regions depleted of nucleosomes with high accuracy (Supplementary Fig. 1 ). Similarly, we found a significant correspondence between the positions of stable nucleosomes in the two maps ( Supplementary Fig. 2 ). This high degree of similarity between the maps indicates that nucleosome sequence preferences have a dominant role in determining in vivo nucleosome organization.
The correlation between the maps is not uniform across the genome. We found a higher correlation between the maps at non-promoter intergenic regions located at ends of convergently transcribed genes (0.83) and a lower correlation at promoter (0.69) and coding (0.69) regions. In addition, the depletion level in vivo relative to that measured in vitro at coding regions increases with the expression level of the associated genes (Fig. 2b) . These results indicate that transcription factors, chromatin regulators and active transcription influence the resulting nucleosome organization in vivo.
Because the nucleosome organization in vitro is determined only by the DNA sequence, we asked whether we could derive rules that are predictive of nucleosome positioning and occupancy. For each of the 1,024 sequences of length 5 base pairs, we computed the average nucleosome occupancy of that sequence across all of its instances in the genome. We found a near perfect agreement (correlation of 0.98) between the average occupancy of these 5-base-pair sequences in vivo and in vitro (Fig. 3a) . Many 5-base-pair sequences showed strong preferences for nucleosome-enriched or nucleosomedepleted regions. For example, AAAAA has the lowest average nucleosome occupancy both in vivo and in vitro, consistent with the reduced nucleosome affinity that poly(dA-dT) sequences have in vitro 14 , and with the nucleosome depletion observed over poly(dAdT) sequences in vivo 9, 15 . Consistent with previous reports 4, 5, 11, 16 , we also found clear ,10-bp periodicities of dinucleotides along the nucleosome length, both in vitro and in vivo (Fig. 3b, c) . Notably, the dynamic range of these periodicities is greater in vitro, suggesting that the fraction of nucleosomes positioned by these periodic motifs in vitro is greater than that in vivo. This difference may be due to the action of chromatin remodellers and transcription factors in vivo, which may cause nucleosomes to deviate from the locations dictated by the nucleosome sequence preferences. The higher concentration of nucleosomes in vivo relative to the concentration used to create our in vitro map may also contribute to this difference, because higher nucleosome concentrations generally increase the contribution of non-specific binding, thus diminishing the contribution of the ,10-bp sequence periodicities. Nevertheless, the conservation of the ,10-bp dinucleotide periodicities and the near-identity of 5-base-pair nucleosome occupancies demonstrate that nucleosomes have clear sequence preferences that are highly similar in vitro and in vivo.
To test whether general sequence-based rules can be derived from our in vitro data and be used to predict nucleosome occupancy in vivo, we constructed a simple probabilistic model based on both the global preferences over sequences of length 5 and the positiondependent dinucleotide preferences 5, 17 , which scores the nucleosome formation potential of every 147-bp sequence. Importantly, this model is learned only from in vitro nucleosome data, and therefore represents only nucleosome sequence preferences, whereas previous models [5] [6] [7] [8] 18 , which were learned from in vivo data, may also capture sequence preferences of other factors 7 , as well as indirect effects due to chromatin remodelling activities. We tested the model in a crossvalidation scheme in which the nucleosome occupancy of each chromosome was predicted using a model that was constructed from the data from all other chromosomes. Our model has high correlations of 0.89 and 0.75 with the in vitro and in vivo maps, respectively (Fig. 3d,  e) , and separates nucleosome-enriched regions from nucleosomedepleted regions ( Supplementary Fig. 3) , indicating that the model successfully identified general predictive rules for the sequence preferences of nucleosomes.
If nucleosome sequence preferences are important in other eukaryotes, then our model should also be predictive of their in vivo nucleosome organization. Indeed, we found a good (0.60) correlation between the nucleosome occupancy per base pair predicted by our 
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Galactose (in vivo) in vitro yeast-based model and that of in vivo nucleosome occupancy in C. elegans 19 (Fig. 3f) . Moreover, our model classifies nucleosomeenriched regions from nucleosome-depleted regions in C. elegans with high accuracy ( Supplementary Fig. 4) , and the 5-base-pair sequence preferences of the C. elegans in vivo map agree well with those of the yeast in vitro map (Fig. 3g) . The poorer classification performance in comparison with yeast may indicate that factors other than the DNA sequence preferences make a greater contribution to nucleosome organization in more complex eukaryotes. Alternatively, the poorer performance may indicate that distinct sequence types are present in C. elegans for which our yeast in vitro data do not provide statistics. Nonetheless, our model is significantly correlated with the in vivo nucleosome organization across C. elegans.
We next compared the DNA-encoded nucleosome organization of the in vitro map with nucleosome organization under growth conditions that cause substantial transcriptional changes relative to logphase growth in rich medium (that is glucose). In addition to our map obtained from yeast cells grown in rich medium, we also measured the nucleosome organization of yeast cells grown separately in galactose, and in ethanol, and found that the overall nucleosome occupancy is very similar between all three in vivo maps, although localized differences are apparent ( Fig. 1 and Supplementary Fig. 5 ). All three in vivo maps are highly correlated with the in vitro map and show the sequence characteristics seen in vitro ( Supplementary  Fig. 6 ). These results imply that intrinsic sequence preferences of nucleosomes have a dominant role in determining nucleosome organization in several growth conditions, with local, condition-specific changes superimposed.
To address concerns regarding biases that may be caused by the sequence specificity of micrococcal nuclease 20 and possible biases in parallel sequencing, we performed a different kind of in vitro experiment that measures the relative nucleosome affinity of ,40,000 double-stranded 150-bp oligonucleotides without the use of micrococcal nuclease or parallel sequencing. The resulting 5-base-pair nucleosome sequence preferences are in excellent agreement with those discovered in the genome-wide in vitro reconstitution (correlation of 0.83), and there is a good correlation (0.51) between the measured oligonucleotide affinities and those predicted by the model constructed from the genome-wide in vitro map ( Supplementary Fig.  7 ). These results are wholly independent of either micrococcal nuclease or parallel sequencing, and thus confirm that the sequence specificities derived from our previous experiments were caused by intrinsic nucleosome preferences, rather than being an artefact of our experimental approach.
Previous studies identified nucleosome depletion around transcription start and stop sites [5] [6] [7] [9] [10] [11] . However, because these studies were based on in vivo data, it was not possible to determine which mechanism accounted for the observed patterns. The in vitro and in vivo maps show highly similar stereotypic nucleosome depletion at translation end sites, indicating that this depletion is largely encoded by nucleosome sequence preferences ( at transcription start sites, indicating that this depletion is also partly encoded by nucleosome sequence preferences (Fig. 4a) . However, the level of depletion around transcription start sites in vitro is smaller than in vivo, indicating that transcription factors, chromatin remodellers, the transcription initiation machinery and other mechanisms also contribute to the depletion. Another difference around start sites (Fig. 4a) is the longer-range ordering of nucleosomes into coding regions observed in the in vivo map. This may be partly explained by the higher nucleosome concentration in vivo (see Methods), which causes increased ordering by statistical positioning 21 . Nucleosome depletion has also been reported around transcription factor binding sites in vivo 7, 9, 11 . In both our in vivo and in vitro maps, nucleosome depletion was observed, on average, around the chromatin-immunoprecipitation-determined binding sites 22 of most transcription factors. The maps also agree on the degree of depletion around binding sites (correlation of 0.62; Fig. 4c and Supplementary  Fig. 9 ). These results indicate that nucleosome depletion around regulatory factor binding sites is partly encoded in the genome's intrinsic nucleosome organization, and that this intrinsic organization may facilitate transcription initiation and assist in directing transcription factors to their appropriate sites in the genome 5, 23 .
Binding
than in vitro. Notably, both factors are highly abundant and influence chromatin structure 24, 25 , indicating that the depletion around their sites in vivo may be attributable to their own action. The large nucleosome depletion over these factor sites resulted in them being major components of a nucleosome occupancy model created from in vivo data 7 . However, because the model constructed here is based solely on in vitro data, in which these sites have only moderate depletion, they are not major components of our model.
In summary, we find marked similarities between the nucleosome organization governed only by the DNA sequence preferences of nucleosomes, and the organization of nucleosomes in vivo measured under different growth conditions. This result indicates that nucleosome sequence preferences are important determinants of nucleosome organizations in vivo. Our analysis indicates that genomes may use their intrinsically encoded nucleosome organization to facilitate functions such as transcription factor binding and transcription. Despite the overall similarity between the in vitro and in vivo maps, there are differences, consistent with previous studies showing that , because higher nucleosome concentration in vivo is predicted to cause long-range ordering of nucleosome arrays 21 . b, Same as a, but around translation end sites of genes (translation end was chosen because transcription end sites are poorly annotated). The depletion around gene ends may be due to the presence of termination signals 27 , which disfavour nucleosome formation in vitro (Supplementary Fig. 8 ). The fact that these signals tend to occur in a specific orientation with respect to the direction of transcription 27 is consistent with a function in transcript processing, but does not exclude the possibility that one or more of these motifs functions primarily to disfavour nucleosomes. c, Comparison of the nucleosome occupancy over transcription factor binding sites between the in vitro and the YPD in vivo maps. For each transcription factor with at least 50 functional binding sites 22 , we computed, separately for the in vivo and in vitro maps, the average normalized nucleosome occupancy over its binding sites. Shown is a comparison of these nucleosome occupancies per factor, between the in vivo and in vitro maps, along with the Pearson correlation between them. For six factors taken from different regions of the plot, we also show the average normalized nucleosome occupancy around those factors' binding sites, for both the in vitro and the in vivo maps.
factors other than nucleosome sequence preferences contribute to nucleosome organization in vivo. Future studies will focus on understanding how nucleosomes are remodelled locally and the function of such remodelling in transcriptional regulation.
METHODS SUMMARY
In vivo maps from yeast nucleosome DNAs were prepared from log-phase cells grown in rich medium (YPD, six independent replicates) as described previously 5 , as well as from cells grown in YP media supplemented with 2% galactose (three replicates) or 2.8% ethanol (four replicates) instead of glucose. The resulting DNAs were subjected to Illumina sequencing-by-synthesis. For the in vitro map, histone octamer was purified from chicken erythrocytes, assembled on purified yeast genomic DNA by salt gradient dialysis 13 , digested with micrococcal nuclease and subjected to Illumina sequencing (two independent replicates). The resulting in vitro map has a lower concentration of nucleosomes along the DNA than obtained in vivo. This technical limitation was necessitated by our finding that reconstitutions at the in vivo stoichiometry on long genomic DNA resulted in insoluble chromatin that was inaccessible to micrococcal nuclease. We mapped the resulting reads to the genome and removed reads that mapped to multiple genomic locations. We extended the nucleosome reads of each experiment to the average nucleosome length in that experiment (always between 140-170 bp). For each map, we then calculated the normalized nucleosome occupancy at every base pair as the log-ratio between the number of reads that cover that base pair and the average number of reads per base pair across the genome. We then set the genomic mean in each sample to zero by subtracting the genomewide mean from every base pair. The independent replicates for each experiment type were in excellent agreement, so we averaged the replicates within each type. The resulting tracks are termed normalized nucleosome occupancy throughout the manuscript. The detailed formulation of our sequence-based model for nucleosome positioning is given in the Methods and is similar to that described in ref. 17 , except that it was learned using only the in vitro data. For our data, results and model, see http://genie.weizmann.ac.il/pubs/nucleosomes08/, and GEO accession number GSE13622.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
Parallel sequencing of yeast nucleosomes in vivo. Four samples of yeast nucleosome DNAs ('in vivo nucleosomes') were prepared from log-phase cells grown in rich medium (YPD) as described previously 5 . Additionally, samples were prepared from cells grown in YP media supplemented with 2% galactose (two samples) or 2.8% ethanol (two samples) instead of glucose. Five additional samples (two in YPD, one in galactose and two in ethanol) were prepared from cells that were formaldehyde-crosslinked before isolating nucleosomes. Crosslinking was achieved with 1% formaldehyde for 15 min at 30 uC and stopped with 125 mM glycine. The cells were then washed, made into spheroplasts with lyticase as above, treated with micrococcal nuclease (MNase) as described previously 12 , and nucleosomal DNAs isolated as described 10 . All of the resulting DNAs were subjected to Illumina/Solexa sequencing-by-synthesis. The results from crosslinked or uncrosslinked cells for a given growth medium were very similar; therefore, we averaged the replicates within each growth medium (six YPD, four YPEtOH, three YPGal). Parallel sequencing of nucleosomes reconstituted in vitro on yeast genomic DNA. S. cerevisiae genomic DNA was purified from strain YLC8 (MATa ura3D leu2D his3D met15D) using standard methods with additional steps to remove contaminating RNA (see Supplementary Information). Histone octamer was purified from chicken erythrocytes using salt extraction and hydroxyapatite column chromatography, as described previously 28 . Genomic DNA was reconstituted into nucleosomes under selective pressure for nucleosome-favouring sequences by salt gradient dialysis 13 , using 40 mg histone octamer plus 100 mg DNA in a 200 ml volume. This results in a lower concentration of nucleosomes along the DNA than obtained in vivo. This technical limitation was necessitated by our finding that reconstitutions at the in vivo stoichiometry on this long genomic DNA resulted in insoluble chromatin that was inaccessible to micrococcal nuclease. Two independent reconstitutions were carried out. The resulting nucleosomes were biochemically isolated by MNase digestion, using 6 3 10 23 units MNase (Sigma Chemical Company) per 10 mg competitively reconstituted DNA, in 10 mM Tris, pH 8.0, and 1 mM CaCl 2 for 5 min at 37 uC. DNA was extracted, and protected fragments of length ,147 bp were isolated by polyacrylamide gel electrophoresis, and then extracted from the gel. Both samples were independently subjected to Illumina sequencing at the UNC high-throughput sequencing facility. We note that, because the chicken histones represent a mixture of post-translationally modified and unmodified histones as well as variant histones, there is a possibility that these modifications or variants influence the measured nucleosome positions. Mapping and post-processing of parallel sequencing reads. We mapped reads resulting from sequencing experiments to the yeast genome, allowing at most one mismatch and no gaps. To estimate the mean DNA fragment length in each experiment, we superimposed the nucleosome reads of one strand and examined the distribution of nucleosome reads of the opposite strand. As expected, this distribution showed a strong peak at ,140-170 bp for all experiments, with slight variations between experiments. We used the maximum of the peak as an estimation of the mean DNA fragment length and extended all nucleosome reads to this length. We defined repetitive regions as regions that were matched by a read that mapped to more than one place in the genome. We excluded repetitive regions and their 150-bp vicinity from our analyses. To obtain genomic nucleosome occupancy tracks we summed for each position all reads covering it. We noticed that in some replicates from each of the three in vivo conditions (YPD, YPEtOH and YPGal), but not in either of the in vitro replicates, a small fraction of the mapped base pairs (in all cases less than 0.5%) were covered by an aberrantly large number of reads (more than ten times the median genomic base pair coverage) that may potentially result from sequencing biases. For these regions, we set the coverage of these base pairs to equal ten times the median genomic base-pair coverage. Next, for each map, we calculated the average nucleosome occupancy at every base pair by dividing the number of reads that cover that base pair by the average number of reads per base pair across the genome. Finally, for each replicate we took the log of the ratio at every base pair and set the genomic mean to zero by subtracting the mean from every base pair. Thus, base pairs for which the occupancy value is below 0 showed a relative depletion of nucleosomes in comparison with the genome-wide average, whereas base pairs with values above 0 have a relative enrichment. The independent replicates for each experiment type were in excellent agreement, so we averaged the replicates within each type to create four nucleosome occupancy maps: three in vivo (YPD, YPEtOH, YPGal) and one in vitro. These final tracks are termed the normalized nucleosome occupancy. The data in Fig. 1 are presented without the log transformation. Analysis of nucleosomes reconstituted on oligonucleotides. Two concerns with our experimental approach were the known sequence specificity of micrococcal nuclease 20 and the possibilities of biases introduced by the parallel DNA-sequencing strategy. We addressed both of these concerns simultaneously with an independent and different kind of experiment that obtains large-scale measurements of in vitro nucleosome sequence preferences without the use of micrococcal nuclease or parallel sequencing. In brief, we created a pool of ,40,000 double-stranded oligonucleotides of length 150 bp, each flanked by common priming sites 29 , and combined the pool with limiting amounts of chicken histones to form nucleosomes. DNAs in reconstituted nucleosomes were separated from unincorporated DNAs by native gel electrophoresis, without the use of any micrococcal nuclease. We then extracted from the gel the DNA that had successfully competed to form nucleosomes, and used both parallel sequencing and microarrays to compare the nucleosomal DNAs to DNAs in the initial pool. For each sequence, we calculated the log-ratio between the reconstituted fraction and the initial pool as a measure of the nucleosome affinity of that sequence. Thus, a log-ratio above zero indicates a higher than average affinity to form nucleosomes, whereas a value below zero indicates a lower than average affinity. We note that this experiment is inherently noisy, as shown by a large variation in the number of sequence reads in the unselected reference sample, which may be due to the use of two rounds of PCR in the procedure.
Specifically, we created 197-mer oligonucleotides (containing 150-mer unique sequences flanked by common priming sites) using a modification of the microarray-based method described previously 29 . Sequences were designed to represent tiled yeast genomic sequences (22, 236 oligonucleotides) , and a survey of randomly generated sequences selected to represent a wide variety of DNA sequence characteristics (nucleotide and dinuncleotide composition, periodic features and DNA structural parameters 7 ). DNA obtained from the array was PCR-amplified and assembled into nucleosomes under selective pressure for nucleosome-favouring sequences by salt gradient dialysis 13 , using 6 mg histone octamer and 12 mg DNA in a 200-ml volume. The resulting nucleosomes were separated away from the remaining naked DNA by native polyacrylamide gel electrophoresis (5% (w/v) polyacrylamide) in 1/33 TBE buffer (TBE is 90 mM Tris, 90 mM boric acid, 2 mM EDTA, pH 8.3). The nucleosome-containing band was excised from the gel, and its DNA extracted by crushing and soaking into 0.3 M NaOAc, 0.5 M NH 4 OAc, 0.1 mM EDTA and 0.1% (w/v) SDS, followed by ethanol precipitation. For Illumina analysis, the pools before and after nucleosome assembly were re-amplified and NruI sites present in the primers were cleaved before sequencing from the ends. In our analyses, we used oligonucleotides that were sequenced at least once and at most 500 times in each experiment. For microarray analyses, the pools before and after assembly were re-amplified with fluor-labelled primers, and hybridized to an Agilent array designed to detect the individual sequences represented in the pools. Additional details are available in the Supplementary Information.
To remove any direct biases resulting from the primers in the computation of preferences over sequences of length 5 from these data ( Supplementary Fig. 7) , we omitted the primers altogether in the computation of 5-base-pair preferences (that is, all 5-base-pair sequences were extracted only from the variable oligonucleotides without the primers). This left open the possibility of indirect biases in preferences of sequences of length 5 resulting from the primers; for example, if one primer sequence attracted nucleosomes and if there were systematic biases in compositions of sequences of length 5 near that end of the designed oligonucleotides. However, half (,20,000) of the oligonucleotides were selected from the yeast genome, and the other half were designed in several unrelated ways (see Supplementary Methods) and do not have such biases. The two approaches are in strong agreement regarding these preferences over sequences of length 5 base pairs, diminishing concerns regarding biases caused by the primers (the correlations between the preferences computed from the first approach and the second approach are 0.81 and 0.83 for reading out the measurements of the second approach by parallel sequencing or microarrays, respectively; see Supplementary Fig. 7) . 19; specifically, we used both the 'adjusted nucleosome coverage' and 'raw nucleosome coverage', applying the same normalization method to the latter as we did to our yeast nucleosome maps 19 . Classifying nucleosome-enriched regions from nucleosome-depleted regions. To test whether the two maps agree on the scale of individual nucleosomes, we took the target map, and from it defined nucleosome-enriched regions as maximal consecutive regions longer than 50 bp for which minimum occupancy at every base pair is above some threshold, t e , and nucleosome-depleted regions as maximal consecutive regions longer than 50 bp for which maximum occupancy at every base pair is below some threshold, t d . We chose 50 bp as a compromise between partitioning as much of the genome as possible into nucleosomeenriched and nucleosome-depleted regions while still deriving each partition from enough data to reduce noise that may arise when regions are too short (a choice of 25 bp yielded equivalent results). At various thresholds, we then scored each of the resulting nucleosome-enriched and nucleosome-depleted regions by its average occupancy in the predicting map. Note that at the threshold t e 5 t d 5 0, the evaluation is done across the entire genome (typically ,97%, because regions ,50 bp are excluded), and the median length of the nucleosome-enriched regions is typically 150-190 bp. If the predicting map were fully predictive of the target map, then the predicting map occupancy score of every 'enriched' region in the target map would be higher than that of every 'depleted' region in the target map. A standard quantification of this predictive power is the receiver operating characteristic curve, whose area under the curve is 1 for perfect performance and 0.5 for random guessing. Sequence-based model for nucleosome positioning. We use the in vitro map to represent the sequence preferences of nucleosomes by devising a probabilistic model, similar in formulation to that proposed in ref. 17 , that assigns a score to every 147-bp (nucleosome-length) sequence. Our model is based on both the position-dependent and global preferences of sequences of length 5 that we characterized previously (Fig. 3) . The first component, P N , represents the distribution over dinucleotides at each position along the nucleosome length, and thus captures the periodic signal of dinucleotides along the nucleosome. The second component, P L , represents the position-independent distribution of nucleosomes over sequences of length 5, and thus captures sequences that are generally favoured or disfavoured by nucleosomes regardless of their detailed position within the nucleosome. We chose to represent this component using sequences of length 5, because this is the highest order k-mer for which our data have sufficient statistics to robustly estimate each of the associated parameters. The final score that our model assigns to a 147-bp sequence S is then given by the log-ratio of these two model components:
where P N,i is the i-th component of the dinucleotide model component and represents the conditional probability distribution over nucleotides at position i given the nucleotide that appeared at position (i 2 1), and P l is the positionindependent component of the second component of our model (P L ). Note that P N,1 is represented by a mononucleotide model over the nucleotide at the first position. We now describe in detail how each of the two components of our model was derived. To estimate the position-specific dinucleotide component of our model, P N , we took all of the nucleosome reads (a total of over 10,000,000) from our collection of nucleosome-bound sequences, and first aligned these sequences about their centre. Each sequence was added twice to the alignment, once in its original form and once in its reverse complement form, to account for the twofold symmetry in the nucleosome structure 35 . With each position i, we then associated a dinucleotide distribution, P N,i , which we estimated from the combined dinucleotide counts at alignment positions [i 2 2, i 2 1], [i 2 1, i] and [i, i 1 1] (the two end positions of the nucleosome are averaged with fewer positions). Combining the dinucleotides at the two neighbouring positions smoothes the resulting dinucleotide distribution at each position with a 3-bp moving average, and is motivated by the experimental evidence that small 61-bp changes in spacing of key nucleosome DNA sequence motifs can occur with a relatively small cost to the free energy of histone-DNA interactions 36 . To remove sequence composition biases from this component, we normalized the distribution over each position separately, by dividing the final probability of every dinucleotide at each position by the average probability of that dinucleotide across all positions, and finally normalized the resulting dinucleotide weights to a probability distribution. We used this estimation procedure in the 127 central positions of the nucleosome, and we forced a uniform distribution over the 10 remaining positions at each end of the nucleosome profile. This was done to avoid biases in nucleotide distributions that may arise from the sequence specificity of the micrococcal nuclease used to isolate the nucleosome, because this way we do not include statistics that are taken from the cut site of the nuclease. Note that our above construction produces a reverse complement symmetrical distribution; that is, the probability of a sequence and its reverse complement are equal by construction.
The position-independent component of our model, P L , the purpose of which is to represent sequences that are generally favoured or disfavoured regardless of their position within the nucleosome, assigns a score to each 147-bp sequence, as the product of a position-independent Markov model, P l , of order 4. Thus, P l defines a probability distribution over every one of the 1,024 possible sequences of length 5. We chose to model the distribution over sequences of length 5, because this is the highest order for which our data still provides sufficient statistics to robustly estimate the value of each of the 1,024 parameters. Given a map of nucleosome positions, the probability of each sequence of length 5 is equal to the reciprocal of the average nucleosome occupancy of that sequence across all instances of the 5-base-pair-long sequence in the map, where this reciprocal average occupancy is then scaled to a probability by dividing it by the sum of all such reciprocal occupancies across all 5-base-pair-long sequences (we use the reciprocal of the average occupancy so that higher probabilities correspond to disfavoured sequences). Thus, this Markov model, P l , includes contributions both from sequences that are disfavoured by nucleosomes and from sequences that are favoured by nucleosomes, because it models the distribution over all sequences of length 5, with the disfavoured sequences having a relatively high probability and the favoured sequences having a relatively low probability.
The above probabilistic model assigns a nucleosome formation score to each sequence of (nucleosome-length) 147 bp. We then followed the approach of ref. 5 , and used the scores of this model to compute the genome-wide distribution over nucleosome positions, taking into account steric hindrance constraints between neighbouring nucleosomes. These computations can be done efficiently using dynamic programming, and their output is a track of the average nucleosome occupancy per base pair, that is, the probability that each base pair in the genome is covered by any nucleosome.
In developing our model, we also separately evaluated the performance of the P N and P L components, and found that the performance of the P L component alone is nearly the same as that of the full model (per-base-pair nucleosome occupancy correlation of 0.876 between a P L -only model and the in vitro map, compared with 0.880 for the full model using both P L and P N ), whereas the performance of the P N component alone is highly predictive but slightly worse than the full model (correlation of 0.820). Thus, for practical purposes of generating predictions, using only the P L component may suffice. Nevertheless, the P N component captures real periodic aspects of nucleosome sequence preferences that have been reported by several other groups 4, 6, 37 , and that we now find in the genome-wide in vitro nucleosome map in Fig. 3b . For these reasons, we retain the P N component as part of the model.
For the synthetic oligonucleotide analysis ( Supplementary Fig. 7 ), we used the nucleosome formation potential of equation (1) . In all other analyses we converted this genome-wide nucleosome formation potential into genome-wide nucleosome occupancy per base pair, as described in ref. 5 . We selected the concentration and temperature parameters (t and b, respectively) in a crossvalidation manner to be t 5 0.03, b 5 1 in yeast and t 5 0.1, b 5 1 in C. elegans. Finally, to appropriately compare the model with log-transformed data, we applied to the predictions of the model the same log normalization that was applied to the data.
